In vitro culturing of normal human seminiferous epithelium remains largely unexplored. To study normal human spermatogenesis in vitro, we used a micromethod for the purification and culture of Sertoli cells, spermatogonia A, spermatocytes, and early round spermatids. Cytological quantitative data for Sertoli and premeiotic germ cell cocultures isolated from normal testicular biopsies demonstrated that cells were able to proliferate (4%), complete meiosis (6.7%), and differentiate into late round (54%), elongating (49%), and elongated (17%) spermatids at similar in vivo time delays (up to 16 days) in response to FSH + testosterone stimulation. Cells maintained normal meiotic segregation, chromosome complements, and specific gene expression profiles. Follicle-stimulating hormone + testosterone stimulated spermatogonia proliferation and Sertoli cell survival. Follicle-stimulating hormone and especially FSH + testosterone increased diploid germ cell survival during the first week, whereas only FSH + testosterone was able to inhibit cell death during the second week of culture. Follicle-stimulating hormone and especially FSH + testosterone also stimulated meiosis resumption, although this was restricted to late pachytene and secondary spermatocytes. In contrast, spermiogenesis was only stimulated by FSH + testosterone. Expression studies showed that apoptosis was induced in the nucleus of diploid cells, and in nuclear and cytoplasmic compartments of spermatids, mainly triggered by the Fas pathway. Although junctional complexes between Sertoli and premeiotic germ cells were partially reacquired, the same did not apply to spermatids, suggesting that FSH potentiated by testosterone was unable to render Sertoli cells competent to bind round spermatids. apoptosis, germ cell differentiation, germ cell proliferation, meiosis, spermatogenesis in vitro
INTRODUCTION
The development of methods for the study of human in vitro spermatogenesis remains crucial for deciphering the mechanisms governing male germ cell proliferation, meiosis, and differentiation, and it also represents an invaluable tool for future clinical applications. Successful spermatogenesis in vitro has not yet been achieved in mammals. Isolated human early round spermatids were first shown to mature into late spermatids and spermatozoa in about 7-12 days when cultured on Vero cell monolayers [1] or in Vero cell-conditioned medium, giving rise to normal blastocysts after experimental microinjection [2] . They were then used clinically to obtain normal progeny [3] . Cocultures of Sertoli and diploid germ cells from infertile patients were therein attempted using Vero cell-conditioned medium supplemented with synthetic serum substitute, FSH, and testosterone, demonstrating that about 2-3 wk of culturing was needed for the emergence of new round spermatids and their differentiation into late spermatids [4] . This was later confirmed by in vitro differentiation of wholetesticular germ cell suspensions using 3D cultures in a mouse collagen gel matrix supplemented with fetal bovine serum, FSH, and testosterone [5] .
Bovine spermatogonia were incapable of resuming differentiation when seminiferous tubule fragments containing Sertoli and stem germ cells were cultured for 2 wk [6] . If rat seminiferous tubules also contained spermatocytes, then new round spermatids (6%-10%) formed after 21 days of culture, confirming successful meiosis resumption in vitro [7] . Experiments with dissociated mouse Sertoli and diploid germ cells also demonstrated that late pachytene spermatocytes were able to complete two meiotic divisions after 2 wk of culture, although the newly formed round spermatids remained unable to differentiate in vitro [8, 9] . Serum has also been described as a sufficient stimulus for bovine spermatogonia A differentiation into round spermatids after 3 mo of in vitro culture, although reconstitution of the entire spermiogenic cycle remains unsuccessful [10, 11] . Successful culture of mouse male stem germ cells was also demonstrated using serum-free medium supplemented with cytokines and growth factors on mouse embryonic fibroblast feeder layers or laminin-coated plates without feeder cells. However, in vitro differentiation of these cell lines has never been documented [12, 13] . Cocultures of mouse stem germ cells with a mouse Sertoli cell line in the presence of serum also showed that entry into meiosis is possible, but only late pachytene and secondary spermatocytes differentiate into spermatids [14] . This was confirmed by studies using mouse immortalized spermatogonia [15] , mouse preleptotene spermatocytes [16] , and rat pachytene spermatocytes cultured on Sertoli cell monolayers [17] , all of which, even in the presence of serum, were only capable of reaching the round spermatid stage.
To study normal human spermatogenesis in vitro, a micromethod was used for the purification and culture of Sertoli cells, spermatogonia A, spermatocytes, and early round spermatids. Controlled cultures were used to follow the fate of each individual cell. Meiotic resumption and spermatid differentiation were quantified during 2-to 3-wk cocultures. Incorporation of 5-bromo-2-deoxyuridine (BrdU), gene expression, transmission electron microscopy, and fluorescent in situ hybridization were used to analyze germ cell proliferation, cell integrity, and normal meiotic segregation. The mechanism of cell degeneration was evaluated by gene expression, electron microscopy, and caspase 3 activity. The data show that proliferation, meiosis, and spermiogenesis proceeded normally and at a physiological pace, with meiosis resumption being restricted to late pachytene and secondary spermatocytes. It is also revealed that the limitation of haploid germ cell development is probably associated with the inability to reestablish intercellular junctions with Sertoli cells.
MATERIALS AND METHODS

Biological Material
In accordance with the Medical Ethics Committee, cells were collected with patients' informed consent from 15 cases requiring open testicular biopsy for the retrieval of testicular sperm for intracytoplasmic sperm injection: one with psychogenic anejaculation, two with vasectomy, nine with inflammatory obstruction of the epididymis, and three with congenital bilateral absence of the vas deferens, all with normal seminiferous epithelia at the time of histopathology, normal karyotypes, and absence of Yq11.2 (AZF and DAZ) microdeletions.
Cell Isolation
Testicular biopsies (2 mm) were collected in sperm preparation medium (SPM-Hepes; Medicult, Copenhagen, Denmark). Seminiferous tubules were squeezed under a heated stereomicroscope to release luminal epithelial cells (Fig. 1) . The resultant fluid fraction was washed in SPM (2 3 5 min, 1500 rpm) and incubated (5 min, 328C, 5% CO 2 , filtrated humidified air) in 2 ml erythrocyte-lysing buffer (155 mM NH 4 Cl, 10 mM KHCO 3 , 2 mM EDTA, in water, pH 7.2 with KOH, 0.2 lm filtered; endotoxin free, embryo and cell culture tested; Sigma, Barcelona, Spain;), followed by addition of 2 ml SPM. The suspension was then washed (2 3 5 min, 1500 rpm), digested (20 min, 25 lg crude DNase, 1000 units collagenase-IV in 1 ml SPM; Sigma), and separated (5 min, 600 rpm) into supernatant (haploid germ cells) and pellet (diploid germ cells and a few Sertoli cells) fractions (Fig. 2) . The fractions were washed with SPM (2 3 5 min, 1500 rpm), and the final pellets were resuspended in 100 ll in vitro fertilization (IVF) medium (without Hepes buffer; Medicult).
Cocultures
Cells of specific stages were selected [18] [19] [20] by micromanipulation in an inverted microscope (Nikon, Tokyo, Japan) equipped with Hoffman optics and a heated stage (328C) using Narishige micromanipulators (Tokyo, Japan) and micropipettes of 15-20 lm in diameter (SweMed, Frolunda, Sweden). Spermatogonia A and primary spermatocytes were collected from the pellet fraction, whereas secondary spermatocytes and round spermatids were collected from the supernatant fraction. Cells were plated (five cases per medium) in 40-ll microdrops of culture media: 1) Vero cell-conditioned medium (CM) containing 10% synthetic serum substitute (SSS; Irvine Scientific); 2) CM þ 25 IU/L recombinant human FSH (rFSH; Serono, Geneva, Switzerland; Organon, Oss, the Netherlands); and 3) CM þ 25 IU/L of FSH þ 1 lmol/L testosterone (water soluble; Sigma) [20] [21] [22] [23] . In each microdrop, the following cells were plated: 30-80 Sertoli cells, 10-30 spermatogonia A, 200 primary spermatocytes, 10-30 secondary spermatocytes, and 10-30 early (without flagellum) round spermatids. Cells were cocultured for 2-3 wk (328C, 5% CO 2 in humidified air) and counted every 24 h. Vero cells (Vircell SL, Santa Fe, Spain) were prepared in IVF medium with 10% SSS [1, 2] . Two days after monolayer formation, the medium was removed as conditioned medium.
Fluorescent In Situ Hybridization
Sertoli cells and premeiotic germ cells were isolated by micromanipulation from parallel cultures at Days 2, 6, and 12, whereas in vitro-differentiated spermatids were isolated at the end of culturing. Cells were transferred into 5 ll lysis buffer in poly-L-lysine-coated glass slides. Fluorescent in situ hybridization (FISH) was performed [24] using a-satellite probes (Vysis Inc., Downers Grove, IL) for the centromeric regions of sex chromosomes (CEP-X spectrum green: DXZ1, Xp11.1-q11.1; CEP-Y spectrum orange: DYZ3, Yp11.1-q11.1; 1 ll), chromosome 7 (1 ll CEP-7 spectrum acqua, D7Z1, p11.1-q11.1), and chromosome 18 (CEP-18, 0.5 ll spectrum orange þ 0.5 ll spectrum green: D18Z1, 18p11.1-q11.1), 6 ll hybridization buffer, and 1 ll water. Slides were mounted with 10 ll Vectashield antifade medium containing 1.5 lg/ml of 4 0 ,6-diamidino-2-phenylindole (DAPI) to counterstain the DNA (Vector Laboratories, Burlingame, CA). Images were recorded using a Nikon (Eclipse, E-400) 
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epifluorescence microscope fitted with a CCD camera and appropriate software (Cytovision Ultra; Applied Imaging International, Sunderland, U.K.). The efficiency of the FISH procedure was controlled using metaphase chromosomes and interphase nuclei from cultured normal male lymphocytes.
Cell Proliferation
The pyrimidine analog of thymidine, BrdU (stocks prepared in d 6 -dimethyl sulfoxide; Sigma), which is selectively incorporated into DNA at the S phase of the cell cycle, was incubated in parallel cell cultures at Days 2, 6, and 12 at a concentration of 100 mM for 18 h [25] . Premeiotic germ cells were then isolated, washed in 20 ll SPM drops, allocated to 1 ll PBS on poly-L-lysinecoated glass slides by micromanipulation, and air dried. Cells were permeabilized in methanol for 20 min at À208C, washed 3 3 10 min in 0.1% Triton X-100/PBS, fixed with 1% paraformaldehyde for 20 min at 48C, washed as above, denatured in 4 N HCl for 45 min at 378C, and washed again as above. In a dark, moist chamber, cells were then blocked with 10% goat serum (Sigma) for 30 min at 378C, incubated with 1:20 monoclonal anti-BrdU antibody/PBS (Sigma) for 1 h at room temperature, washed as above, incubated with 1:600 goat anti-mouse antibody conjugated with CY3/PBS (Zymed Laboratories Inc., San Francisco, CA) for 30 min at room temperature, washed as above, air dried, mounted with Vectashield-DAPI, and observed by epifluorescence microscopy.
Activated Caspase 3 Activity
Sertoli cells and premeiotic germ cells were isolated by micromanipulation from parallel cultures at Days 2, 6, and 12, whereas in vitro-differentiated spermatids were isolated at the end of culturing. Cells were transferred by micromanipulation to 50 ll SPM containing 5 lM of the cell-permeable profluorescent caspase substrate PhiPhiLux (OncoImmunin Inc., Gaithersburg, MD), which becomes fluorescent after being cleaved by activated caspase 3-like proteases [26] . After incubation for 30 min, the cells were washed with 20 ll SPM drops, transferred to 1 ll PBS on poly-L-lysine-coated slides by micromanipulation, and air dried. After mounting with Vectashield-DAPI, the slides were observed by epifluorescence microscopy.
Transmission Electron Microscopy
Cells from parallel cultures were aspirated with fine Pasteur pipettes to Eppendorf microtubes, pelleted (1500 rpm, 10 min), fixed with 6% glutaraldehyde in 0.2 M Na-cacodylate buffer, pH 7.2 (48C, 2 h), washed in the same buffer, postfixed in 2% OsO 4 in buffer, dehydrated in an ethanol series followed by propylene oxide, and embedded in Epon. Ultrathin sections were cut with a diamond Diatome knife, collected on copper grids (Taab), stained with concentrated uranyl acetate in ethanol (20 min) and Reynolds lead citrate (10 min), and studied [19] at 60 kV in a JEOL 100CXII transmission electron microscope. Chemicals were obtained from Sigma and Merck (Darmstadt, Germany).
Expression of mRNA
Apoptosis marker. Total RNA was extracted using the RNeasy Mini Kit (testicular cell suspensions) and RNeasy Micro Kit (600-1000 stage-specific cells isolated by micromanipulation; Qiagen, Hilden, Germany). Total RNA obtained was primed with 100 ng random hexamer primers and reverse transcribed using the Superscript First-Strand Synthesis System for RT-PCR (Invitrogen, Carlsbad, CA) according to the manufacturer's protocol. Two RT reactions were performed for each cell sample and pooled to obtain enough cDNA. Pooled cDNAs were stored at À208C in a final volume of 16 ll. Synthesized cDNAs were used for optimized PCR reactions in a final volume of 50 ll comprising 2 ll cDNA, 1-1.5 mM MgCl 2 , 0.2 mM of each dinucleotide triphosphate, 0.5 lM of each primer, and 0.04 U/ll Platinum Taq DNA Polymerase (Invitrogen). Polymerase chain reaction cycling conditions for human beta-2-microglobulin (B2M, control housekeeping gene), caspase 8 (CASP8), caspase 9 (CASP9), and caspase 3 (CASP3) were: one cycle, 5 min at 958C; 40 cycles of 30 sec at 958C, 30 sec at various annealing temperatures depending on the gene being assessed, and 1 min at 728C; and a final extension (Table 1) . For glucose-6-phosphate dehydrogenase (G6PD, control housekeeping gene), FAS (Fas surface antigen), BAX, and BCL2, PCR was performed using commercial kits according to the manufacturers' instructions (Fas-PCR Primer Set; Apoptosis PCR Bax/Bcl-2 Multiplex Primer Sets; Sigma; Table 1 ). Polymerase chain reaction products were analyzed by electrophoresis in 2% agarose gels. Peripheral blood lymphocytes from a leukemia patient in remission were used as a positive control. Negative controls included a sample lacking DNA.
Seminiferous epithelium markers. Total RNA was extracted from stagespecific cells using the RNeasy minikit (Qiagen). Contaminating genomic DNA was further eliminated by DNase I digestion (Qiagen). The cDNA synthesis was performed using the Superscript Reverse Transcription Kit (Invitrogen) with random primers according to the manufacturer's instructions. RNA samples were converted to cDNA via four RT reactions, and all cDNA products from the same sample were precipitated with two volumes of ethanol (Panreac, Barcelona, Spain) and 2.5 M sodium acetate, pH 6 (Merck) at À208C overnight. AAG CTA CGT TGC TAT TGG GAA T
MAGEA1
CAG GGG ACA GGC CAA CCC AGA GG 628C 381 bp [31] CGG CTG CTG GAA CCC TCA CTG GG
POU5F1
ACA CCT GGC TTC GGA TTT CG 628C 783 bp [33] [34] [35] [36] GGC GAT GTG GCT GAT CTG CT
MLH1
TGA GCA GGG ACA TGA GGT TCT The precipitated cDNA was resuspended in 20 ll DEPC-water (from the kit). Aliquots of 500 ng/reaction of cDNA were used as a template for PCR amplification with the QuantiTect SYBR Green PCR Kit (Qiagen) and 25 pmol/ ll of the specific primer sets (100 pmol/ll primers; Thermo Electron, Ulm, Germany) for human beta actin (ACTB, control housekeeping gene), CD3D (an antigen expressed ubiquituously at the surface of lymphoid cells and used here to control for testicular lymphocyte contamination), KITLG, KIT, MAGEA1, POU5F1, MLH1, HSPA2, and SPANXA1. The PCR cycling conditions were: 5 min at 958C, 1 min at 958C, 40 cycles of 1 min at 958C, 1 min at various annealing temperatures depending on the gene being assessed, and 1 min at 728C; and a final extension of 5 min at 728C (Table 2) . Polymerase chain reaction products were visualized (Image Master VDS; Pharmacia Biotech) after
Rates of in vitro spermatid differentiation. Sa1) Early round spermatids at the Golgi phase. White arrowhead shows acrosomal vesicle. Sa2 Late round spermatid. The round nucleus occupies most of the cytoplasm, the flagellum is completely extruded (f), and the acrosomal vesicle (white arrowhead) is at the cap phase (dense and flattened over the apical nuclear border). Sb) Early elongating spermatid. The nucleus is apically displaced (black arrowhead), whereas the elongating cytoplasm is basally displaced. Sc) Late elongating spermatid. The condensing and elongating nucleus protrudes at the apex up to the inferior border of the acrosomal vesicle (black arrowhead). Sd) Elongated spermatid. The dense and elongated nucleus protrudes up to the equatorial region (black arrowhead). The basal cytoplasm is fully elongated. Inverted Hoffman microscopy, original magnifications 3607 (Sa1) and 3700 (Sa2, Sb, Sc, and Sd). Images were obtained of cultures containing 25 IU/L rFSH and 1 lmol/L water-soluble testosterone. The graph shows proportions 695% CI of newly formed Sa1/1000 diploid germ cells, and of newly formed Sa2, Sb, and Sd per total Sa1 in conditioned medium (C), C þ FSH (F), and C þ FSH þ testosterone (T). a P , 0.001 to C; b-d P , 0.001 to C and F; e P ¼ 0.002 to C and P , 0.001 to F. 
Statistics
Proportions (p) and 95% confidence intervals (CIs) were calculated using VassarStats and compared with Pearson and Fisher exact chi-square two-sided tests (SPSS 15). Significance was set at P , 0.05.
RESULTS
High-Cell Density Cocultures
In high-cell density cocultures, clusters of germ cells and Sertoli cells formed in 1-2 days and then tended to detach from the bottom of the culture dishes. By the end of the first week, mixed Sertoli and diploid germ cell clusters formed, suggesting that cell junctions were reacquired. In these aggregates, cell differentiation became arrested at the secondary spermatocyte stage. In contrast, the large majority of round spermatids remained isolated or formed clusters without mixing with other cell types. Spermatid differentiation was restricted to isolated or small aggregates of side-connected germ cells. After 2-3 wk, giant clusters of Sertoli cells appeared and attached to the bottom of the culture dish. From their periphery, epithelial cells detached and coated the culture dish surface (Fig. 3 ).
Controlled Cocultures with Limited Cell Numbers
Pace of spermatogenesis. In controlled cocultures using limited cell numbers to follow the specific fate of each individual cell, a few spermatogonia, several spermatocytes I, and a large number of spermatocytes II were observed in telophase after 1-3 days in culture. In rare cases, pachytene spermatocytes developed a short flagellum and spermatocytes in telophase II developed a long flagellum, which conferred in situ motility. In general, newly formed early round spermatids (without flagella) appeared during the first 1-2 days, transition of early round spermatids to late round spermatids (with flagella) took another 1-2 days, maturation of late round spermatids into normal elongating spermatids required another 2-3 days, and differentiation of elongating spermatids into elongated spermatids required 5-7 more days (Fig. 4) . Thus, in total, meiosis completion and spermiogenesis took about 9-14 days in vitro. Sertoli cells were the most resistant (surviving) cell type during cultures. About 5%-10% contained two nuclei; they were observed to actively phagocytose diploid germ cells and, occasionally, haploid germ cells.
Action of FSH and testosterone. Individual data for the cultures is shown in Table 3 . In conditioned medium, meiosis did not proceed, and no new round spermatids formed. However, spermatid differentiation was observed to occur in the initially cultured round spermatids. In conditioned medium supplemented with FSH, new round spermatids formed in only two cases. Of the round spermatids that extruded a flagellum, about half were derived from the newly formed cells. Similarly, about one third of the normal elongating spermatids and four of the normal elongated spermatids (in one case) originated from the newly formed round spermatids. In conditioned medium supplemented with FSH and testosterone, newly formed early round spermatids were observed in all five cases, with the majority of the in vitro-differentiated elongating and elongated spermatids arising (in all cases) from the newly in vitro-formed round spermatids. Comparisons between groups (Fig. 4) suggest that meiosis was significantly induced by FSH (3%) and highly potentiated by FSH plus testosterone (6.7%). During spermiogenesis, FSH marginally stimulated the transition of early round spermatids to the late round spermatid stage (22.7%) and, similarly, no significant effects on elongating (18%) and elongated (4%) spermatid differentiation were observed. In contrast, FSH plus testosterone induced a significant increase in the maturation rates of early to late round spermatids (53.8%), as well as elongating (48.5%) and elongated (16.7%) spermatids, both in comparison to controls and to FSH alone.
Germ Cell Proliferation
A significant stimulatory effect of FSH plus testosterone on DNA replication of stem and progenitor germ cells (from spermatogonia to preleptotene spermatocytes) was observed during the first week of culture, being about 4% at Day 2, 1% at Day 6, and undetectable at Day 12 (Fig. 5) . As expected, almost all cells in the primary spermatocyte pool did not incorporate BrdU.
Gene Expression of Cell Stage-Specific Markers
The mRNA expression studies of stage-specific cells collected after 1 wk of culture showed that Sertoli cells expressed KITLG; spermatogonia A expressed KIT, MAGEA1, POU5F1, MLH1, and HSPA2; primary spermatocytes expressed POU5F1, MLH1, HSPA2, and SPANXA1; secondary spermatocytes expressed MLH1, HSPA2, and SPANXA1; and early round spermatids expressed SPANXA1 (Fig. 6 ).
Chromosome Analysis and Meiotic Segregation
Quantitative FISH analysis also demonstrated normal chromosomal complements of cultured cells, including normal chromosome segregation during meiosis I and II, as well as a normal chromosome complement in haploid germ cells differentiated in vitro (Fig. 7 
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18,Y signal; of 133 abnormal elongating spermatids, 96.5% showed a normal haploid signal; of 70 arrested normal elongating spermatids, 83.6% were also haploid; and of 31 normal elongated spermatids, 89.5% were haploid.
Cell Subtypes and Cell Junctions
Cell aggregates from high-density cultures were studied by electron microscopy at Day 5 to analyze the cell types present, cell structure preservation, and intercellular junctions. All germ cell types up to early round spermatids were observed and demonstrated a normal ultrastructural aspect. Intercellular junctions were only demonstrated between diploid germ cells and Sertoli cells. Only a few intercellular bridges and cell divisions were observed. Sertoli cells had an indented euchromatic ovoid nucleus with a prominent nucleolus, and their cytoplasm was rich in light and dense lipid droplets, cytoskeleton filaments, endoplasmic reticulum, Golgi complexes, and mitochondria. They frequently exhibited large phagocytic vesicles containing apoptotic premeiotic germ cells. All types of spermatogonia A could also be found. Their cytoplasm exhibited only a few organelles, including endoplasmic reticulum cisternae, mitochondria, Golgi complex, and dense lipid droplets. Pale spermatogonia A (elongated) showed an euchromatic oval nucleus with a peripheral nucleolonema; dark spermatogonia A (triangular) exhibited an oval nucleus with a large peripheral ring of dense chromatin, a central euchromatic region, and a peripheral dense nucleolus; cloudy (oval) spermatogonia A had a large, ovoid euchromatic nucleus with a small central nucleolus; and spermatogonia B (round) showed a coarser distribution of chromatin and an even distribution of organelles, conferring a more pale and smooth aspect (Fig. 8) . All steps of prophase I were also observed. Leptotene spermatocytes showed an enlarged nucleus, which was round, euchromatic, and contained small, dense nucleoli, and an enrichment in organelles, including the appearance of nuage; early zygotene spermatocytes evidenced a large central nucleolus and a peripheric chromosome aggregate corresponding to the sex vesicle; late zygotene spermatocytes showed a large peripheric nucleolus and numerous chromosome aggregates corresponding to the initial pairing of homologs; early pachytene spermatocytes exhibited a large peripheric nucleolus and numerous synaptonemal complexes, with presence of annulate lamellae in their cytoplasm; and late pachytene spermatocytes showed a very large, peripheral, dense nucleolus and numerous chromosome aggregates due to the progressive disappearance of bivalents, with presence of proacrosomal vesicles in the cytoplasm. Secondary spermatocytes were recognized by their smaller eccentric nucleus, with small dense nucleoli and chromatin clumps, an extensive array of organelles in the perinuclear region, and an organelle-poor polarized cytoplasm. Round spermatids were found at the transition of the Golgi to cap phase. The acrosomal vesicle was attached to the apex of the small round and condensing nucleus, which still contained a dense central nucleolus. A conspicuous chromatoid body and annulate lamellae were present in their cytoplasm (Fig. 9) .
Sertoli Cell Survival
Sertoli cell degeneration was limited, and it was only significantly inhibited by FSH plus testosterone (Fig. 10) . It was particularly intense during the first days of the cocultures due to cell lysis (necrosis), as confirmed by transmission electron microscopy, probably in association with the fact that these cells were the most sensitive to handling (easy cell lysis during tubule dissociation) (Fig. 1) . Sertoli cell apoptosis was less frequent, with active caspase 3-like activity being mainly restricted to the nucleus. 
Diploid Germ Cell Survival
Diploid germ cell degeneration was associated with apoptosis, with active caspase 3-like activity also being mainly restricted to the nucleus. This was confirmed by transmission electron microscopy, which revealed apoptotic condensed chromosomes and degenerating cytoplasmic organelles in primary spermatocytes, dividing primary spermatocytes, and secondary spermatocytes. Apoptosis of diploid germ cells was significantly inhibited during the first week by FSH, and even more dramatically by FSH plus testosterone, whereas after the first week it was only sensitive to synergistic hormone action (Fig. 11) . Cases for which less diploid germ cell degeneration occurred during the first 2 days also exhibited the highest potential for in vitro haploid germ cell differentiation.
Haploid Germ Cell Differentiation Arrest
Haploid germ cell degeneration was particularly intense at the early round spermatid stage and during the transition of the elongating to the elongated spermatid stage. Thus, when round spermatids were capable of developing a normal flagellum, spermiogenic progression was not arrested. Arrested early round spermatids showed three kinds of development, with most remaining at the cap phase, others demonstrating a continued nuclear maturation to the early and late elongating stages, and a few showing nuclear and cytoplasmic elongation (without flagellum extrusion). In contrast, arrest at the elongating spermatid stage was associated with abnormal head and flagellum morphology. Detection of active caspase 3-like activity was used to confirm nuclear and cytoplasmic apoptotic events in living cell cultures. In contrast to Sertoli cells and diploid germ cells, arrested spermatids showed fluorescence in both the nuclear and cytoplasmic compartments, with about 40% of the abnormal late elongating spermatids also showing enzyme activation in the acrosomal vesicle Of the in vitrodifferentiated normal elongated spermatids, half exhibited active caspase 3-like activity in the midpiece. Folliclestimulating hormone plus testosterone significantly inhibited spermatid arrest, but only at the early round spermatid stage. After this stage, it was ineffective (Fig. 12) .
Gene Expression of Apoptotic Markers
Qualitative analysis of mRNA profiles for each cell stage during the first week of culture showed that all cell types had 
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minimal levels of caspase 8, 9, and 3 expression. Expression of CASP3 was similar in all cell types; Sertoli cells evidenced an equilibrated expression of CASP8 and CASP9; spermatogonia did not express CASP9; primary spermatocytes exhibited a slight predominance of CASP9 expression; and round spermatids showed a slight predominance of CASP8 expression. After 1 wk, cultures evidencing higher levels of cell degeneration also showed higher mRNA expression levels of caspases 3, 8, and 9, as well as FAS and BAX, but demonstrated minimal levels of BCL2 expression (Fig. 13) .
DISCUSSION
Quantitative data for 2-wk in vitro cocultures of Sertoli and premeiotic germ cells isolated from normal human seminiferous epithelia demonstrated that cells were able to proliferate, complete meiosis, and differentiate into late spermatids. Cells maintained normal meiotic segregation, chromosome complements, and specific gene expression profiles. The present experiments also demonstrated that in vivo physiological time delays [18] could be reproduced in vitro in the absence of serum and extracellular matrix, as the appearance of round spermatids and their subsequent differentiation into elongated spermatids took about 9-14 days (vs. 6-12 days in vivo). During this process, stem and progenitor germ cells were able to proliferate (4%), and spermatocytes finished meiosis I (2-3 days) and meiosis II (2-3 days) during the first week of culture, concordant with in vivo findings (4-6 days). In comparison with cells retrieved from azoospermic patients [4] , spermiogenesis (17%), but not meiosis resumption (7%), was improved using cells from normal seminiferous epithelia. This suggests that most of the newly formed round spermatids must have originated from late pachytene spermatocytes, and especially secondary spermatocytes, which is consistent with studies showing that the information needed for meiosis completion   FIG. 12. Rates of in vitro spermatid arrest. A) Morphology of arrested spermatids during development. aSa) Arrested early round spermatids. aSb, aSc) Nuclear maturation of arrested early round spermatids into early (aSb) and late (aSc) elongating spermatids, but maintenance of a roundish cytoplasm (c). In aSb, the nucleus is apically displaced (white arrowhead), whereas in aSc, the nucleus is condensed, elongated, and further protrudes at the cytoplasmic border (black arrowhead). Inset: Arrested early round spermatid demonstrating nuclear (black arrowhead) and cytoplasmic (c) maturation (elongation) into a late elongating spermatid. abSb, abSc) Arrested and morphologically abnormal (head and flagellum) early (abSb) and late (abSc) elongating spermatids. Inverted Hoffman microscopy, original magnifications 3817 (aSa, abSb, abSc) and 3700 (aSb, aSc). B) Imunofluorescence detection of caspase 3-like activity (red) in the nucleus (n; pink in merged image), cytoplasm (c), acrosomal vesicle (av), and midpiece (mp) of arrested spermatids and elongated spermatids (Sd)/sperm (Sz). DNA is stained blue with DAPI. Original magnification 31000. Images were obtained of cultures containing 25 IU/L rFSH and 1 lmol/L water-soluble testosterone. The graph shows proportions 695% CI of arrested early round spermatids (aSa1)/ total Sa1, arrested late round spermatids (aSa2)/total Sa2, and arrested elongating spermatids (aSb)/total Sb in conditioned medium (C), C þ FSH (F), and C þ FSH þ testosterone (T). and initiation of spermiogenesis is already translated at the late pachytene stage [8, 9] .
The present data confirm previous evidence that testosterone [21, 38, 39] and FSH [22, 39, 40] are essential for human Sertoli and germ cell survival. The present results show that both FSH and testosterone are needed to stimulate spermatogonia proliferation and Sertoli cell survival, and that FSH, and especially FSH þ testosterone, increased diploid germ cell survival during the first week, whereas only FSH þ testosterone was able to inhibit cell death during the second week of culture. This confirms recent evidence in mice showing that testosterone is needed to suppress Sertoli cell apoptosis [41] , that FSH induces proliferation of hamster adult Sertoli cells and reorganization of inter-Sertoli cell junctions [42] , that FSH is needed to suppress spermatogonia apoptosis in mice, rats, and humans [41, 43, 44] , and that FSH is not sufficient to stimulate germ cell proliferation in rats and humans [43, 44] . Additionally, the present data show that FSH, and especially FSH þ testosterone, also stimulated meiosis resumption. The present results also demonstrate that the early step, during which the round spermatid extrudes the flagellum, the midstep (transition to the elongating spermatid stage), and the late step (transition to the elongated spermatid stage) of spermiogenesis were only stimulated by FSH þ testosterone, which in part confirms previous findings that testosterone is needed to convert round spermatids to elongated spermatids [39] . Conversely, haploid germ cell arrest could only be inhibited by FSH þ testosterone during early spermiogenesis.
Abnormal synapsis and chromosomal segregation are known to impair spermatogenesis and induce apoptosis [24] . We show that most Sertoli cells, spermatogonia, spermatocytes, and in vitro-differentiated normal and abnormal spermatids have a normal chromosome complement, supporting the idea that the in vitro cultures progressed normally through meiosis without aneuploidy induction. The mRNA expression studies of isolated cells also show that all cell types maintained normal gene expression. The human KITLG gene encodes the stem cell factor or KIT ligand, which is a transmembrane protein in Sertoli cells. Part of its extracellular domain is proteolytically cleaved, as determined by exon 6, to liberate a soluble ligand of unknown paracrine function. The human protooncogene KIT encodes a glycosylated type III transmembrane tyrosine kinase receptor. Binding of KIT to surface KITLG activates a cascade of phosphorylation events that are responsible for diploid germ cell survival, spermatogonia proliferation, and subsequent progression of meiosis. KIT has been immunohistochemically detected in all types of germ cells, although other studies have detected protein expression only in proliferative spermatogonia [45] [46] [47] [48] [49] . Consistent with these observations, the present data show that mRNA expression of KITLG was specific to Sertoli cells, whereas KIT expression was restricted to spermatogonia A.
The human MAGE genes (melanoma antigen family) encode tumor rejection antigens on human leukocyte antigen A1 that are recognized by cytotoxic T lymphocytes, although their biological function remains largely unknown. MAGE A1 and A4 proteins were immunolocalized in the nucleus of spermatogonia and a few spermatocytes, but not in haploid germ cells or Sertoli cells, suggesting that they represent normal differentiation antigens expressed in compartmentalized tissues [50] . In accordance, we demonstrated that mRNA expression was specific to spermatogonia A. The human POU domain, class 5, transcription factor 1 (POU5F1) gene family is tightly linked to the major histocompatibility complex class I region and encodes an octamer binding transcription factor that has two splicing variants (A and B) . The 8-bp DNA sequence (POU domain) that is recognized by the transcription factor resides in the promoter and enhancer regions of several genes which, upon activation, maintain the stem cell phenotype of totipotent and pluripotent embryonic cells, as well as of the germ cell lineage, including primordial germ cells, gonocytes, undifferentiated spermatogonia, and adult spermatogonia, until entry into meiosis [36, 51] . The present study using isolated germ cells confirmed the POU5F1 mRNA expression of spermatogonia A, but it also demonstrated expression in primary spermatocytes, which could be due to preleptotene and leptotene spermatocytes.
The human MLH1 gene (homo sapiens mutL homolog 1) encodes a DNA mismatch repair enzyme that is involved in recombination and appears to be associated with maintenance of chiasmata in primary spermatocytes, assuring proper meiotic homolog segregation [52, 53] . We found mRNA expression in both spermatogonia A and primary spermatocytes, suggesting an early transcription in advance of translation at a later stage. The human HSPA2 gene encodes a heat shock protein of 70 kDa [54] that has been immunolocalized in spermatocytes and spermatids. This protein is known to associate with synaptonemal complexes of primary spermatocytes, and it is required by cdc2 kinase during meiosis I to trigger G 2 /M-phase transition and, subsequently, desynapsis. An absence of expression would lead to massive spermatocyte apoptosis and subsequent failure of haploid germ cell formation. Accordingly, diminished expression of human HSPA2 has been shown to cause spermatogenic meiotic arrest [55, 56] . In the present study, intense mRNA expression was present in spermatogonia A and primary and secondary spermatocytes, suggesting that this gene might also be involved in cell division in addition to homolog segregation. The human gene SPANXA1 encodes a sperm protein that is associated with the nucleus on the X chromosome. It is exclusively transcribed in the testis, with in situ hybridization showing mRNA expression mainly in haploid germ cells, decreasing from the round spermatid to the mature spermatozoon, and in a few spermatogonia and spermatocytes. The protein was immunolocalized to sperm nuclear vacuoles and midpiece cytoplasmic droplets [37] . The present data further confirm these results by demonstrating mRNA expression in primary and secondary spermatocytes, as well as round spermatids.
Although connections between Sertoli and premeiotic germ cells were partially reacquired, as demonstrated by electron microscopy, the same did not apply to spermatids, suggesting that FSH, as potentiated by testosterone, was unable to render Sertoli cells competent to bind round spermatids. This probably suggests that the present method of cell preparation does not preserve cell adhesion molecules or that human haploid germ cells cultured in vitro require other factors besides FSH and testosterone to competently bind Sertoli cells, as demonstrated in in vivo experiments [42, 57, 58] . The absence of stable junctions between Sertoli cells and spermatids could thus explains why only 46.7% (7 of 15) of the cases were able to progress through complete spermiogenesis, why so many round spermatids exhibited an abnormal developmental pattern, and why elongating and elongated spermatids displayed a high rate of head and tail abnormalities. As Sertoli cells are known to phagocytose both diploid [24] and haploid [59] apoptotic germ cells, the observed absence of connections between Sertoli and haploid germ cells could also explain why phagocytosis of apoptotic diploid germ cells was more prevalent than that of spermatids. Loss of intercellular bridges could also favor developmental arrest, as movement of molecules between haploid germ cells is crucial for spermiogenesis [60] .
HUMAN SPERMATOGENESIS IN VITRO
We show that apoptotic germ cells express FAS, caspases 8, 9, and 3, and BAX, whereas BCL2 expression was inhibited, consistent with the known apoptotic mechanism involved in initiating and maintaining normal spermatogenesis. In this system, in response to environmental or intrinsic conditions, Sertoli cells remove excedentary or injured germ cells through secretion of Fas ligand, which then binds to the Fas receptor on the surface of germ cells [61, 62] , leading to caspase activation and a simultaneous increase in BAX (proapoptotic) and decrease in BCL2 (antiapoptotic) expression [63] . Timedependent decreases in the viability of specific cell stages were also demonstrated in the present study by quantitative cytological and qualitative mRNA expression studies. Although previous evidence showed that apoptosis occurs in adluminal germ cells, especially primary spermatocytes [59] , but does not [64] occur or infrequently occurs [23] in Sertoli cells, the present results show activated caspase 3 activity in the nuclei of Sertoli cells and all premeiotic germ cells, especially primary spermatocytes. In contrast, caspase 3 activity was observed in the cytoplasm, nucleus, and acrosome of arrested and abnormal spermatids, as well as in the midpiece of half of the normal elongated spermatids. Taking into account that exogenous stimuli activate nuclear caspases and endogenous stimuli cause mitochondrial injury, the present cytological and expression data suggest that apoptosis was mainly dependent on the Fas pathway in diploid germ cells, probably due to a deficiency in paracrine factors, on both extrinsic and intrinsic pathways during early spermatid differentiation, and on an endogenous metabolic insult in normal late spermatids. Recent data confirm the above findings, in that the intrinsic and extrinsic pathways are present during germ cell apoptosis in normal men, but also demonstrate that apoptosis in spermatogonia is directed by the intrinsic pathway, whereas apoptosis in spermatocytes and round spermatids is driven by both the intrinsic and extrinsic pathways [43] . These apparent differences might be due to distinct methodologies, as these authors used an in vivo model, whereas we cultured cells in vitro, which does not assure the proper supportive action of Sertoli cells. Alternatively, differences could be explained by the fact that in the present study, protein expression was analyzed in the whole diploid germ cell population, and not separately assessed for spermatogonia and primary spermatocytes.
In conclusion, the present experiments have produced 2-wk in vitro cocultures of the normal human seminiferous epithelium, allowing for spermatogonia proliferation, meiosis completion, and differentiation into elongated spermatids at a physiological pace. Further studies will be focused on improving media supplementation to more effectively control the apoptotic limiting steps.
